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Brachypodium distachyonPlant microRNAs (miRNAs) are single-stranded 20–22 nt small RNAs (sRNA) that are produced from their
own genes. We have developed a de novo genome-wide approach for the computational identiﬁcation of
novel plant miRNAs based on the integration of the complete genome sequence with sRNA libraries. It
comprises three modules — the clustering module identiﬁes genomic regions that have two closely-located
unidirectional sRNA clusters, the mirplan module explores the secondary structure of the genomic regions,
and the duplex module predicts miRNA/miRNA* duplexes. We applied our approach to the Brachypodium
genome and publicly available sRNA libraries and predicted 102 miRNAs. Our results extend the list of known
miRNAs with 58 novel miRNAs and deﬁne the genomic loci of all predicted miRNAs. Because this approach
considers speciﬁc features of plant miRNAs, it can be employed for the analysis of the genome and sRNA
libraries generated for plant species to achieve systematic miRNA discovery.na.yahubyan@gmail.com
l rights reserved.© 2011 Elsevier Inc. All rights reserved.1. Introduction
MicroRNAs (miRNAs) are a class of post-transcriptional negative
regulators that play an important role in development, apoptosis and
stress responses. Plant miRNAs have been well-characterized in
several model systems for plant genomics such as Arabidopsis, rice and
Populus [1–3]. They are single-stranded 20–22 nt small RNAs that are
endogenously produced from their own genes [4]. The processing of
the primarymiRNA transcript is a complex multi-step process. MiRNA
appears to be processed from the stem of a single-stranded stem-loop
precursor as a miRNA/miRNA* duplex with an approximately 2 nt 3′-
end overhang [5,6]. However, the requirement for precision does not
imply that all small RNAs expressed from a stem-loop must be either
the precise miRNA or precise miRNA*. Deep sequencing data clearly
show that there are often, if not always, low frequency positional and
length variants from all miRNA stem-loops [7].
The deep sequencing approach has delivered numerous small
RNAs (sRNAs) in plants during the last several years [8]. With the
rapidly growing sRNA data sets, there has been an increasing demand
in bioinformatics for the development of new approaches and the
reﬁnement of existing approaches for miRNA discovery on a genome-
wide scale. A computational comparative approach based on the
evolutionary conservation of mature miRNAs has revealed manyorthologs of known miRNAs in different plant species. Additional
features used in computational methods are the stem-loop structures
in primary miRNA transcripts and the intergenic location of miRNAs.
Nevertheless, precursor folding predictions have been relatively less
useful in plant miRNAs than in those of animals because plant primary
miRNA transcripts are longer and show more heterogeneity in their
stem-loop structures [7]. These factors limit the detection of non-
conserved species-speciﬁc miRNA across plant genomes.
In this study, we have developed a computational approach for
identifying novel plant miRNAs based on the integration of the
complete genome sequence and sRNA libraries. As a ﬁrst step, we
generated the clustering module to extract only those genomic
sequences that have two closely located clusters of sRNAs that
match the same genomic strand. In the next step, themirplanmodule
explores the secondary structures and features speciﬁc to plant
miRNAs that have been deﬁned from known miRNAs of plant species
[9,10]. The third duplex module was then incorporated to predict
duplex miRNA/miRNA* and hence select potentially mature and
passenger miRNA among the small RNAs of the two clusters. The
duplex module may be very effective in uncovering low-abundance
species-speciﬁc miRNAs.
Recently, the complete genome sequence of Brachypodium
distachyon, a model plant for temperate cereals and related grasses,
has been released [11]. Meanwhile, increasing data in sRNA and EST
sequences has brought about the identiﬁcation of numerous miRNAs
[12–14], though genomic localization was evaluated only for a few of
them. Here, we have applied our computational approach to the
Brachypodium genome and the publicly available sRNA libraries and
Fig. 1. A schematic diagram of the approach workﬂow. The algorithm consists of three
main modules— the clusteringmodule identiﬁes genomic regions that have two closely
located unidirectional sRNA clusters; the mirplan module explores the secondary
structure features of the genomic regions folded by RNAfold; and the duplex module
predicts miRNA/miRNA* duplexes with 2 nt 3′overhangs using RNAcofold.
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miRNAs with 58 newly identiﬁed miRNAs and deﬁne the genomic loci
of all predicted miRNAs. In addition, we introduce the integrated
genome browser, BrachyBrowse, which easily visualizes all current
sRNA and miRNA data for this species.
2. Results and discussion
2.1. Implementation of a new computational approach for discovering
miRNAs in Brachypodium distachyon
High-throughput parallel sequencing technologies have produced
large sRNA transcriptome data sets for Brachypodium distachyon.
Plenty of conserved and few species-speciﬁc miRNAs have been
reported. Most of the conserved miRNAs have been predicted based
on sequence homology, which tends to overestimate their actual
number [13]. The main source of false-positive predictions might be
the frequent occurrence of multiple copies of the miRNA sequence
throughout the genome. However, the number of species-speciﬁc
miRNAs is still small because of their low-level accumulation, which
makes their identiﬁcation from the large pool of sequenced
transcripts a major challenge.
Several features of miRNA biogenesis have prompted us to develop a
new computational approach formiRNA discovery in plants that does not
explore the general strategy of sequence homology. Plant miRNA
biogenesis involves precise excision of a 20 to 22 nt miRNA/miRNA*
duplex from the stem of a single-stranded, stem-loop precursor, which
brings about an accumulation of miRNA and miRNA* molecules [7].
Although this mechanism excludes endogenous sRNAs, which generally
arise from perfectly double-stranded RNA, deep sequencing data show
that there are often, if not always, low-frequency positional and length
variants from all miRNA stem-loops in plants [7] and in animals [15–17].
At the genomic level, these variants, which result from heterogeneous
processing, form two unidirectional sRNA clusters around miRNA and
miRNA*positionsandcanbeconsidereda signatureof anmiRNA locus.An
overview of our algorithm is shown in Fig. 1. Themain criteria considered
in our approach are as follows: two neighboring, unidirectional sRNA
clusters deﬁne putativemiRNA genomic loci; the product of a given locus
folds to form an miRNA precursor-like hairpin and at least two sRNAs of
the cluster base-pair precisely in themiRNA/miRNA* duplex. A number of
recent publications have used similar criteria to develop computational
programs for the systemic identiﬁcation of animal miRNAs from high-
throughput sequencing data [16,18].
In our study, we mapped all four publicly available Brachypodium
sRNA libraries (GSM506620;GSM506621, GSM406303 andGSM406302)
to the Brachypodium genome sequence. The output was then scanned by
the CLUSTERINGmodule for pairs of unidirectional sRNA clusters. Due to
the observation that some miRNA loci can produce additional products
immediately adjacent to the miR and miR* sequences, we deﬁned the
sRNA cluster as a group of sRNAs that are aligned to the same strand and
overlap or are adjacent within a range of 65 nt. The size of the window
between the two clusters was 15 nt, which is the minimum distance
between the miR and miR* in the hairpin. The size of the sequence
containing the two clusters was up to 350 nt, which is the maximum
length known forArabidopsis [19,20]. The output sequences, generatedby
the clustering module from the four libraries, were genomic regions
bracketed by the two clusters (5′- and 3′-clusters); they were combined
and 30,355 unique loci were further tested in the mirplan module. The
clustering module ﬁltered out those loci that comprised two paired
clusters but accumulatedmore thanone sRNA from theopposite genomic
strand. Such sRNAs can be produced from repetitive regions, including
tandem repeats and transposon elements and might thus bring about a
misannotation of sRNAs as miRNAs [7].
After the sequence and secondary structure prediction, themirplan
module produced a set of 2658 candidate precursor sequences.
Because the deep-sequencing technique produces numerous sRNAsthat can fall in the 5′- and 3′-clusters of predicted miRNA precursors,
the sRNAs of the two clusters were evaluated in the duplexmodule for
their ability to form a 2 nt 3′-overhanging duplex. sRNAs of some
paired clusters failed to produce a duplex according to the require-
ments for a miRNA/miRNA* duplex (see Materials and Methods) and
were discarded from further analysis. We predicted 102miRNA genes,
which are presented in Tables 1 and 2. The secondary structures of the
Table 1
Predicted conserved bdi-miRNAs with genomic coordinates according the Brachypodium distachyon genome v1.0.
Family Precursor genomic
localization
Strand miRNA miRNA nt miRNA* nt miRNA copy number ⁎Ref.
GSM506620
panicles
GSM506621
panicles
GSM406302
young spike
GSM406303
root,shoot,leaf
156 Bd3:4336022..4336167 − Bdi-miR156a UGACAGAAGAGAGUGAGCAC 20 UCACUCCUCUUUCUGUCAGCC 21 46 5276 444 114 [14],[13]
Bd3:39258110..39258314 − Bdi-miR156b UGACAGAAGAGAGUGAGCAC 20 GCUCACUUCUCUCUCUGUCACC 22 46 5276 444 114 [14]
Bd5:18202182..18202332 − Bdi-miR156c UGACAGAAGAGAGUGAGCAC 20 GCUCACUGCUCUGUCUGUCACC 22 46 5276 444 114 [14]
159 Bd2:5602219..5602452 + Bdi-miR159 CUUGGAUUGAAGGGAGCUCU 20 AGCUCCCUUCGAUCCAAUCC 20 342 2 11 7
160 Bd1:4550703..4550877 − Bdi-miR160a UGCCUGGCUCCCUGUAUGCCA 21 GCGUGCGAGGAGCCAAGCAUGA 22 991 78 79 146 [14],[12]
Bd1:28020411..28020556 − Bdi-miR160b UGCCUGGCUCCCUGUAUGCCA 21 GCGUGCAAGGAGCCAAGCAUG 21 991 78 79 146 [14]
Bd3:3414575..3414722 − Bdi-miR160c UGCCUGGCUCCCUGUAUGCCA 21 GCGUGCAAGGAGCCAAGCAUG 21 991 78 79 146 [14],[13]
Bd3:12734293..12734442 + Bdi-miR160d UGCCUGGCUCCCUGUAUGCCA 21 GCGUGCACGGAGCCAAGCAUA 21 991 78 79 146 [14]
Bd3:41554285..41554428 + Bdi-miR160e UGCCUGGCUCCCUGAAUGCCA 21 GCAUUGAGGGAGUCAUGCAGG 21 2259 33 197 97
164 Bd2:19949322..19949514 − Bdi-miR164a UGGAGAAGCAGGGCACGUGCA 21 CAUGUGCCCUUCUUCUCCACC 21 309 1972 20 90 [14],[13]
Bd1:14544140..14544348 + Bdi-miR164b UGGAGAAGCAGGGCACGUGCA 21 CAUGUGUUCUUCUCCUCCAUC 21 309 1972 20 90 [14]
166 Bd1:6574363..6574508 + Bdi-miR166a UCGGACCAGGCUUCAUUCCCC 21 GAAUGACGCCGGGUCUGAAA 20 2619 18956 159 247 [14],[12]
Bd1:30655617..30655860 − Bdi-miR166b UCGGACCAGGCUUCAUUCCCC 21 GGAAUGUUGUCUGGCUCGGGG 21 2619 18956 159 247 [14]
Bd3:33098767..33098938 + Bdi-miR166c UCGGACCAGGCUUCAUUCCCC 21 GGAAUGUUGUCUGGUUCAAGG 21 2619 18956 159 247 [14].[13]
Bd1:71419377..71419541 − Bdi-miR166d UCGGACCAGGCUUCAUUCCCC 21 GGAAUGUUGUCUGGUUGGAGA 21 2619 18956 159 247 [14]
Bd3:51437868..51438018 + Bdi-miR166e CUCGGACCAGGCUUCAUUCCC 21 GAAUGUUGUCUGGCUCGAGGU 21 1
Bd4:6090867..6091011 − Bdi-miR166f UCUCGGACCAGGCUUCAUUCC 21 AAUGGAGGCUGAUCCAAGAUC 21 73 917 56 15
167 Bd1:6349025..6349198 + Bdi-miR167a UGAAGCUGCCAGCAUGAUCUA 21 GAUCAUGCUGUGACAGUUUCACU 23 6554 3142 182 173 [14],[12],[13]
Bd1:3770002..3770191 + Bdi-miR167b UGAAGCUGCCAGCAUGAUCUA 21 GGUCAUGCUGCGGCAGCCUCACU 23 6554 3142 182 173 [14]
Bd1:54067075..54067233 + bdi-miR167c UGAAGCUGCCAGCAUGAUCUGA 22 GAUCAUGCUGUGCAGUUUCAUC 22 28334 4607 748 186
Bd3:3632405..3632608 − Bdi-miR167d UGAAGCUGCCAGCAUGAUCUGA 22 AGAUCAUGUUGCAGCUUCACU 21 28334 4607 748 186
168 Bd3:1774700..1774835 − Bdi-miR168a UCGCUUGGUGCAGAUCGGGAC 21 CCCGCCUUGCACCAAGUGAAU 21 89999 454059 3612 4233 [14],[13]
169 Bd1:1175425..1175598 + Bdi-miR169k UAGCCAAGGAUGAUUUGCCUGU 22 UGGGCAAGUCAGCCUGGCUACC 22 257 65 21 16
Bd1:27159070..27159261 − Bdi-miR169f UAGCCAAGGAUGACUUGCCG 20 GCAGGUUGUUCUUGGCUAACA 21 16 516 47 93 [13]
Bd2:7704123..7704303 + Bdi-miR169a CAGCCAAGGAUGACUUGCCGA 21 GGCGAGUUGUUCUUGGCUACA 21 2143 260 820 2311 [12],[13]
Bd3:16738806..16738956 + Bdi-miR169b CAGCCAAGGAUGACUUGCCGG 21 GGCAAGUUUGUCCUUGGCUAC 21 612 545 1184 669 [13]
Bd4:26242409..26242595 + Bdi-miR169d UAGCCAAGAAUGACUUGCCUA 21 GGUGGGUCUUCUUGGCUAGC 20 4 24 61 116 [13]
Bd3:43441526..43441689 + Bdi-miR169e UAGCCAAGGAUGACUUGCCUG 21 GGCAGUCUCCUUGGCUAGC 19 8 59 106 88 [14],[13]
Bd3:43444486..43444666 + Bdi-miR169g UAGCCAAGGAUGACUUGCCUG 21 GGCAGUCUCCUUGGCUAGC 19 8 59 106 88 [14]
Bd4:44509037..44509211 + Bdi-miR169i CCAGCCAAGAAUGGCUUGCCUA 22 GUCAAGCCAUCUUGGCUAGAA 21 120 15 54 76
Bd4:44513754..44513936 + Bdi-miR169j UAGCCAGGAAUGGCUUGCCUA 21 UGGUCAAGCCUUCCUGACUAGG 22 4 3
Bd5:11563834..11563997 − Bdi-miR169h UAGCCAAGGAUGACUUGCCUA 21 GGCAGUCACCUUGGCUAGCC 20 49 23 294 598 [13]
Bd5:23763870..23764020 − Bdi-miR169c CAGCCAAGGAUGACUUGCCGG 21 GGCAGGUUGUCCUUGGCUACA 21 612 545 1184 669 [14],[13]
171 Bd1:72765307..72765462 − Bdi-miR171a UGAUUGAGCCGUGCCAAUAUC 21 UGUUGGCUCGACUCACUCAGA 21 12182 429 382 481 [14],[12],[13]
Bd1:6911133..6911296 + Bdi-miR171b UGAUUGAGCCGUGCCAAUAUC 21 UGUUGGCACGGUUCAAUCAAA 21 12182 429 382 481 [14]
172 Bd2:58915755..58916008 − Bdi-miR172b GGAAUCUUGAUGAUGCUGCAU 21 GUGGCAUCAUCAAGAUUCACA 21 68 322 2 159 [13]
Bd3:55737301..55737453 − Bdi-miR172a AGAAUCUUGAUGAUGCUGCAU 21 GCAGCACCACCAAGAUUCACA 21 1378 17153 167 437 [14],[13]
390 Bd1:2722067..2722275 + Bdi-miR390 AAGCUCAGGAGGGAUAGCGCC 21 CGCUAUCUAUCCUGAGCUCCA 21 62 68 3 1 [14],[13]
393 Bd2:2001005..2001163 − Bdi-miR393a UCCAAAGGGAUCGCAUUGAUC 21 UCAUGCGAUCCUUUUGGAGGC 21 46 86 374 242 [14],[13]
Bd5:27613816..27613989 + Bdi-miR393b UCCAAAGGGAUCGCAUUGAUC 21 UCAGUGCAAUCCCUUUGGAAU 21 46 86 374 242
394 Bd3:52316372..52316571 − Bdi-miR394 UUGGCAUUCUGUCCACCUCC 20 AGGUGGGCAUACUGCCAAUGG 21 705 19 69 202 [14],[13]
395 Bd1:55440558..55440795 − Bdi-miR395a UGAAGUGUUUGGGGGAACUC 20 GUUCCCUGCAAGCACUUCACG 21 355 14 62 152 [14]
Bd4:16374432..16374612 + Bdi-miR395b UGAAGUGUUUGGGGGAACUC 20 GUUCUCCUCAAAUCACUUCAGU 22 355 14 62 152 [14]
Bd5:25455997..25456122 + Bdi-miR395c UGAAGUGUUUGGGGGAACUC 20 GUUCCCUGCAAGCACUUCAUG 21 355 14 62 152 [14]
396 Bd1:46677004..46677155 − Bdi-miR396d UUCCACAGCUUUCUUGAACUG 21 GUUCAAUAAAGCUGUGGGAAA 21 149 59 49 170 [13]
Bd3:54962836..54963036 + Bdi-miR396e UUCCACAGCUUUCUUGAACUU 21 GGUCAAGAAAGCUGUGGGAAG 21 1147 20 300 364 [13]
Bd3:54968138..54968290 − Bdi-miR396c UUCCACAGCUUUCUUGAACUG 21 GUUCAAUAAAGCUGUGGGAAA 21 149 59 49 170
Bd3:59349783..59349991 − Bdi-miR396a UCCACAGGCUUUCUUGAACUG 21 GUUCAAGAAAGUCCUUGGAAA 21 27589 865 1908 2001 [14]
Bd5:27112463..27112651 + Bdi-miR396b UCCACAGGCUUUCUUGAACUG 21 GUUCAAGAAAGCCCAUGGAAA 21 27589 865 1908 2001 [14]
397 Bd3:3149689..3149834 − Bdi-miR397a UUGAGUGCAGCGUUGAUGAAC 21 UCACCGGCGCUGCACACAGUG 21 1379 66 136 3672 [13]
Bd3:3149689..3149834 − Bdi-miR397b AUUGAGUGCAGCGUUGAUGAA 21 CACCGGCGCUGCACACAGUGA 21 22599 3 3346 95556 [14]
398 Bd2:35924413..35924562 − Bdi-miR398a UGUGUUCUCAGGUCGCCCCUG 21 GGGUCGAAUUGGGAACACAUG 21 7 1 26 [14],[13]
399 Bd3:7135266..7135425 + Bdi-miR399a UGCCAAAGGAGAAUUGCCCUG 21 GUGCGGUUCUCCUCUGGCACG 21 1 2 [13]
408 Bd2:10450343..10450535 + Bdi-miR408 UGCACUGCCUCUUCCCUGGC 20 CAGGGAUGGAGCAGAGCAUG 20 13 16 26
528 Bd1:73059536..73059695 − Bdi-miR528 UGGAAGGGGCAUGCAGAGGAG 21 CCUGUGCCUGCCUCUUCCAUU 21 211 222 124 2981 [14],[13]
827 Bd5:18037481..18037644 − Bdi-miR827 UUAGAUGACCAUCAGCAAACA 21 UUUUGUUGGUUGUCAUCUAACC 22 49 12 355 354 [14]
miRNA genome localizations to the draft genome sequence were reported only by [14].
⁎ Literature reported mature miRNA (citation number in brackets).
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Table 2
Predicted non-conserved bdi-miRNAs with genomic coordinates according to the Brachypodium distachyon genome v1.0.
Precursor genomic
location
Strand miRNA Predicted miRNA/miRNA* duplex sequences Copy number
GSM506620
panicles
GSM506621
panicles
GSM406302
young spike
GSM406303
root, shoot, and
leaf
5′ seq nt 3′ seq nt 5′ seq 3′ seq 5′ seq 3′ seq 5′ seq 3′ seq 5′ seq 3′ seq
Bd1:15325058..15325194 + Bdi-miR1000a UUCUGUUCCUAAAUUCUUACC 21 AAGAAUUUAGGAACGGAGGGA 21 1 14 40 3 1
Bd1:22135899..22136079 − Bdi-miR1001 UCUCGUAUAUGCGGAUGUACC 21 UGCAUCUGUAUAUACGAGAAG 21 47 6 22 4 2 1 4
Bd1:28306160..28306307 − Bdi-miR1002 UCUAUGCCAUGUCGUCACAUA 21 UGUGAUGAUGUGGCAUAGAAU 21 3 308 1 63 1
Bd1:3006392..3006538 − Bdi-miR1003 UCCCUUCGUUCCAUAAAGAUU 21 UCUUUAUGGGACGGAGGGAGU 21 1 2 6
Bd1:30313604..30313744 − Bdi-miR1004 UGACCGAGUUUAUAGAAAAAU 21 UUUUCUAUAAACUCUGUCAAA 21 1 1 3 1
Bd1:44311568..44311956 + Bdi-miR1005 CCGAGGAGCUAGUAGAUCGGG 21 UGAUCUACUAGCUCCUCGGCA 21 20 4 9 1 7 3
Bd1:45787966..45788131 − Bdi-miR1006 CUCCGUUCCAUAAAGAUUGGC 21 AAUCUUUAUGAAACGGAGGGA 21 7 2 1 3 1 1
Bd1:46051254..46051407 − Bdi-miR1007 CCUACUUCUCAUAUUACGUGC 21 ACUUAAUAUGGGACGGAAGAA 21 1 1
Bd1:56853936..56854310 − Bdi-miR1008 CGAUCAUUGAACUUGUCGAAA 21 UCAUCAAGUUGAGUGACCGUA 21 11 17 2 1 1
Bd2:11317397..11317573 − Bdi-miR1009 UGUUGACCACCUUUGACUGCC 21 CAGUCGAAAAUGGUCAACAUA 21 1 1
− Bdi-miR1009-1 UGACCACCUUUGACUGCCACG 21 UGGCAGUCGAAAAUGGUCAAC 21 1 2 1 1
Bd2:14480262..14480480 − Bdi-miR1010 UCUACUUGGUAUCCAAGCUUA 21 AGCUCUGAUACCAUGUGGAUGA 22 4 1 1 1
Bd2:22520117..22520363 − Bdi-miR1011 CCACACUGUAAAUUGAAUAGA 21 UGUUCAAUUUACGGUGUAGAA 21 1 1 1
Bd2:41735710..41735862 + Bdi-miR1012a UUCUAGUUCAUUUUUCAAAUC 21 UUUGAGAAUUGAACUAGAAGC 21 3 7 19 1 1
Bd2:41890827..41891002 + Bdi-miR1013 CAGAUCAGAUGAAAGGUGUA 20 CACCUUUCAUCUGAUCUGUU 20 2 1
Bd2:44925156..44925344 + Bdi-miR1014 UUUCUGAUCCAUAUUACUUGU 21 AAGUAAUAUGGAUCGGAGGGA 21 1 1 2
Bd2:46665653..46665804 − Bdi-miR1015 AUUCUAAAUUGUUGUCGAAAUAUU 24 UAUUUGGACAAAUUUGAGUCA 21 1 2 1
Bd2:47213136..47213398 − Bdi-miR1016 GAUGCGCAUCAUGUUAGAACA 21 UUCUAACAUUAUGCACAUCUA 21 3 1 4 1 3
Bd2:48358975..48359115 + Bdi-miR1017 UGAUCCAUAAUAAGUGUCAGG 21 CGGCACUUAUUAUGGAUCAGA 21 9 9 1 5 5 33
Bd2:51090546..51090760 − Bdi-miR1018 GUGUGUUCCAAGAUCAUCGAU 21 UGAUGAUCUUGGAACACGUGC 21 5 128 1 1 1 1 1
Bd3:5200959..5201270 − Bdi-miR1020 CUAAUCUUGACCCGUCGAUUC 21 AUCGACAAGUCAAGAUUAGGG 21 1 1 2
Bd3:6356151..6356409 − Bdi-miR1021 GCCCAUCUUCACGACCGACGG 21 GUCGAUCUUGGAGAUGGGUCC 21 2 1 2
Bd3:8463664..8463877 − Bdi-miR1022 CUUGGGACCGCCGGUCAGAGC 21 UCUGACCGGUGGGCCUGAGCG 21 4 9 20 1 11 13
Bd3:9493263..9493513 − Bdi-miR1023 UUUUGCUCAAGACCGCGCAAC 21 UGUGCGGUCUUGAGCAAUAAC 21 177 10 355 6 214 45
Bd3:9879796..9880206 + Bdi-miR1024 UGCCUGUUUUUCAACUCCAUG 21 UGAGGUUGUAAAACAGACAGU 21 2 1 3 1
Bd3:14764296..14764443 − Bdi-miR1025 UGGGGUUCCCUCCAAACACUUCA 23 AAGUGUUUGGGGAACUCUAGG 21 23 66 2 2 1
Bd3:19465406..19465546 + Bdi-miR1000b CCUCUGUUCCUAAAUUCUUGU 21 AAGAAUUUAGGAAUGGAGGGA 21 2 2 22 2 1
Bd3:21918225..21918387 + Bdi-miR1041 CAGGAGUGUCACUGAGAACACA 22 UGUUCUCAGGUCACCCCUUU 21 1 0 0 0 1 1 557 21
Bd3:30460937..30461101 + Bdi-miR1026 UACGCGGCAUGGUAUUAGAGC 21 UCUGAUACCAUGUUGUGAAAU 21 2 3 3 1 1
Bd3:56704432..56704571 + Bdi-miR1027a UAAGUGUCUCAGUUUUGAACU 21 UUCAAAACUGCGACACUUAUU 21 2 1
Bd3:59107074..59107211 − Bdi-miR1028 UGGAGAAGCAGGGCACGUGCU 21 CAUGUGCGCUCCUUCUCCAGC 21 2 1 87 19 1 6
Bd4:2181951..2182125 + Bdi-miR1029 UUUCCUGUUUACACAUGAAGC 21 UUCAUGUGUAAACGGGAAAAG 21 1 1 1
Bd4:5647864..5647998 − Bdi-miR1027b UAAGUGUCUCAGUUUUGAACU 21 UUCAAAACUGCGACACUUAUU 21 2 1
Bd4:7045106..7045256 + Bdi-miR1031 UCCGAUCCAUAAUAAGUGUCG 21 ACAUUUAUUAUGGAUCGGAGG 21 1 3 1 2 1
Bd4:10796980..10797184 + Bdi-miR1032a UUUGACCAAGUUUAUAGAAAA 22 UUCUAUAAAACUUGGUCAAAGU 21 2 1 5
Bd4:11947824..11948009 − Bdi-miR1033 CCUAGCCUAAAAUAUUUAAAA 21 UUAGGUAUUUCAGGUUAGGUG 21 2265 68 2 25 11
Bd4:14440355..14440694 + Bdi-miR1034 UGCCCACCAGGGUUCGAUCCA 21 GAUCGGACCCUGGUGUGCAGC 21 14 2 3 1
Bd4:22543862..22544027 − Bdi-miR1035 CGCAACUUUGUCUAGAUACGC 21 GUAUCUAGACAAAAUUGUGAC 21 8 1 1 1 1
Bd4:31253293..31253572 + Bdi-miR1036 UGAGGGAGCUUUCUUCUGUCC 21 ACUGAAGGGAGCUCCCUCACC 21 14 1 1
Bd4:33186148..33186396 − Bdi-miR1037 AUCUUGGGCUCUAGGUAGGUU 21 CCUACCUUGAGCCAAAGAUAU 21 2 2 1
Bd4:37301939..37302074 + Bdi-miR1038 ACUUAGUCUGAACACUAUAAAA 22 UUGUAGUGUUCAGAUUGAGUUU 22 2 1 1
Bd4:37627843..37628050 + Bdi-miR1039 CUGGUUCAAGGUCUCCACAUA 21 UGUGGUGAUCUCGGACCAGGC 21 3 216 494 9 1 5
Bd4:42126781..42127074 − Bdi-miR1030 CCACUUUGGGUGUCAUUGGUA 21 CCAAUGACACCCAUAGUGGAA 21 115 2 1 2 5 1 5
Bd4:42248170..42248379 − Bdi-miR1032b UUUGACCAAGUUUGUAGAACA 21 UUCUAUAAACUUGGUCAAAUU 21 4 4 51 1 4
Bd5:6094953..6095105 + Bdi-miR1012b UUCUAGUUCAUUUUUCAAAUC 21 UUUGAGAAUUGAACUAGAAGC 21 3 7 19 1 1
Bd5:24072517..24072691 − Bdi-miR1040 CUCCGUUUCAUAAUUCUUGUC 21 UAAGAAUUAUGAAACGGAGGG 21 1 1
Putative miRNA are shown in bold.
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286 V. Baev et al. / Genomics 97 (2011) 282–293precursors of the predicted bdi-miRNAs with the miRNA/miRNA*
duplexes (see Appendix B and Fig. 2) satisﬁed the recently published
criteria for miRNA annotation [21].2.2. Brachypodium-conserved and species-speciﬁc miRNAs and their
families
To date, numerous conserved miRNAs have been reported for
Brachypodium [12–14]. All of the previously reported conserved
miRNAs were identiﬁed using a homology-based approach by a
sequence comparison of sRNAs with miRBase sequences, and only a
few of them are linked to the genomic loci from which they were
produced. Many of the reported miRNA sequences, because they are
selected from an sRNA library, can be generated from multiple loci
in the genome; therefore some of them may be false positive
predictions and not true miRNAs. Our approach minimizes false
positives because the clustering module eliminates sequences
originating from loci that yield bidirectional sRNAs, which is a
hallmark of many sRNA-generating loci; in addition, the duplex
module ﬁlters those sequences that fail to form proper miRNA/
miRNA* duplexes. Among the total RNAs that passed each module,
56 were found to encode mature miRNA sequences that are
conserved among different plant species (Table 1), and all of their
miRNA* sequences were identiﬁed. The conserved bdi-miRNAs were
classiﬁed into 21 validated miRNA families in which 12 included
more than one member, and more than one sequence variant was
found in 7 families. The bdi-miR397a precursor gave rise to two
duplexes with 2 nt 3′overhangs. The mature sequences, bdi-
miR397a and bdi-miR397a-1, had a 1 nt shift and in GSM506620
they had 22,999 and 1379 reads, respectively. The largest family
bdi-miR169 consisted of 11 members and 7 sequence variants. The
alignment of the predicted bdi-miR169 precursors is shown on
Fig. 3. The copy number for the members of the same family
differed among them and depends on the developmental stage and
growth conditions under which the sRNA library was generated
(Table 1). The comparative analysis of the reads from the four
libraries, GSM506620, GSM506621, GSM406303 and GSM406302,
reveals that most of the conserved miRNAs yield a much higher
expression in reproductive tissues (panicles and spikes) compared
to vegetative tissues (roots, shoots, and leaves).
Apart from the conserved miRNAs, for the other 46 predicted
MIRNA precursors, the DUPLEX module distinguished the two
sequences that succeeded in forming propermiRNA/miRNA* duplexes
from the cognate sRNAs. A BLAST search revealed that none of the
sequences that formed correct duplexes had similarities to other plant
miRNAs. From the two sequences of each duplex, the one with higher
reads was classiﬁed as the non-conserved bdi-miRNA (Table 2). The
proposed annotation may be changed in case new sRNA libraries
deliver different isolation frequencies for miRNA andmiRNA*. Though
species-speciﬁc miRNAs are usually of low abundance, several of the
discovered bdi-miRNAs were shown to have a high copy number in
the sRNA libraries we analyzed. Bdi-miR1002, bdi-miR1018, bdi-
miR1023, bdi-miR1033 and bdi-miR1039 were highly expressed in
reproductive tissues, while only one — bdi-miR1041 had a high copy
number in vegetative tissues (Table 2). The bdi-miR1009 precursor
gave rise to two proper duplexes with mature sequences: bdi-
miR1009 and bdi-miR1009-1, which were shifted by 3 nt. A BLAST-
based search was employed to assess the similarities among the
sequences of all the duplexes. Based on sequence similarity, 8 miRNA
sequences were grouped into 4 families — bdi-miR1000, bdi-miR1012,Fig. 2. Secondary structures of the precursors of bdi-miR171a, bdi-miR398, bdi-miR528 and
precursor sequence is depicted above with its bracket-notation secondary structure determin
the predicted miRNA sequence is red and the predicted miRNA* species is green. Below, the
RNAcofold is depicted, and the 2 nt overhangs are indicated with asterisks. The classical sebdi-miR1027andbdi-miR1032. ThematuremiRNAsequences in eachof
these families are identical.
2.3. Genomic organization of miRNA genes in the Brachypodium genome
Unlike animals, where half of the miRNA genes are situated in
introns, most of the known plant miRNA genes are found in intergenic
regions; very few are situated in the introns of protein-coding genes.
There are several currently-known intronic miRNAs in Arabidopsis,
most of which are non-conserved among other plant species [22].
Interestingly, in Brachipodium, almost half of the non-conserved
miRNA genes (21) are located within introns of protein-coding genes
in the same orientation. One of these, bdi-miR1000a, was found in the
5′-untranslated region of Bradi1g19110.
The distribution pattern of the predicted miRNA genes across the 5
Brachypodium chromosomes is presented in Fig. 4. We observed an
increased abundance of species-speciﬁc bdi-miRNAs on Chromosome
4 and of conserved bdi-miRNAs on Chromosome 5. Unlike animals
where many of the miRNA genes tend to group in clusters, in plants
there are currently only a few reports of this event [23,24]. In
Brachypodium, only the miR395 family members have been speculat-
ed to form clusters. The predictions were based on the sequence
homology of mature and precursormiRNAs [13]. Because the genomic
regions containing multiple duplications of the mature miR395
sequence coincide with transposon elements and are marked with a
high abundance of sRNA from the two genomic strands, it is very
difﬁcult to predict the real miRNAs among the duplicated sequences.
We were able to predict 3 members of this family, bdi-miR395a, bdi-
miR395b and bdi-miR395c, each located on a different chromosome
within a region of multiple duplicated loci. We also analyzed the
adjacent duplicated loci for the ability of their sRNAs to produce a
duplex with 2 nt 3′overhangs, but they failed and were therefore not
considered for further analysis in this study. In plants, bdi-miR395
targets ATP sulfurylases that are involved in sulfate assimilation
[24,25]. Our investigation shows that bdi-miR395 targets the
orthologous gene in Brachypodium — Bradi1g09030. Because it was
shown that this miRNA is stress-inducible and not detectable in plants
grown under normal conditions [24,25], other members of this family
may be discovered if stress-related sRNA datasets are explored.
2.4. Sequence features of the identiﬁed miRNAs and their precursors
The mature miRNA sequences that we identiﬁed in Brachypodium
were located on either arm of the predicted pre-miRNA hairpins; 74%
were found to be located in the 5′ arm of the stem structure, while 26%
were situated on the 3′ arm. The length of the mature sequences
varied from 20 to 23 nt, and the majority (83%) of the miRNAs were
21 nt long. Moreover, the length distribution of the mature bdi-
miRNAs and their precursors was similar to that of the previously
reported plant miRNAs [26]. We observed two types of secondary
structures in the precursors: 1) general hairpin with one terminal
loop and 2) multi-loop hairpins with more than one terminal loop.
This was recently also observed in all metazoan miRNA precursors
[27].
The free energy of pre-miRNA sequences is very important for the
formation and stability of the hairpin structure. For all predicted
precursors, we found an average MFE of −80±20 kcal/mol. The
processing of the pre-miRNA yielded the miRNA/miRNA* duplex. The
duplex module discarded all sequences that had more than 4
mismatches in the duplex pairing and those unable to producebdi-miR1002 with 5′- and 3′-sRNA clusters and putative miRNA/miRNA* duplexes. The
ed by RNAfold. Below, each of the sRNA sequences that matched the precursor is listed;
bracket-notation secondary structure of the predicted miRNA/miRNA* duplex folded by
condary structure of the precursor is represented at the bottom.
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Fig. 3. Alignment of the bdi-miR169 family precursors. Mature miRNA sites are more conserved than miRNA* sites in the precursors.
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Fig. 4. Chromosome distribution ofmiRNA genes in the Brachypodium genome. A) ConservedmiRNAs; B) non-conservedmiRNAs. EachmiRNA family is depicted in a particular color.
The chromosome distribution charts were created with the Circos software package [44].
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Table 3
Potential targets of Brachypodium conserved miRNAs.
miRNA Score Target acc. Target gene annotation
Bdi-miR156a/b/c 1 Bradi2g59110.1 Squamosa promoter-binding protein, putative
1 Bradi3g40030.1 SPL9 (squamosa promoter binding protein-like 9); transcription factor
1 Bradi4g33770.1 SPL9 (squamosa promoter binding protein-like 9); transcription factor
2 Bradi1g26720.1 SPL4 (squamosa promoter binding protein-like 4); transcription factor
2 Bradi3g03510.1 SPL2 (squamosa promoter binding protein-like 2); transcription factor
Bdi-miR159 2 Bradi2g53010.1 MYB33 (MYB domain protein 33); DNA binding/transcription factor
2.5 Bradi1g36540.1 AtMYB81 (myb domain protein 81); DNA binding/transcription factor
Bdi-miR160a/b/c/d/e 0 Bradi1g33160.1 ARF10 (auxin response factor 10); miRNA binding/transcription factor
0 Bradi3g28950.1 ARF16 (auxin response factor 16); miRNA binding/transcription factor
0 Bradi3g49320.1 ARF10 (auxin response factor 10); miRNA binding/transcription factor
0 Bradi5g15900.1 ARF10 (auxin response factor 10); miRNA binding/transcription factor
0.5 Bradi5g27400.1 ARF17 (auxin response factor 17); transcription factor
0.5 Bradi5g27400.2 Auxin response factor, putative, expressed
Bdi-miR164a/b 1 Bradi1g32660.1 No apical meristem protein, putative, expressed
1 Bradi1g41710.1 No apical meristem protein, putative, expressed
1 Bradi4g02060.1 No apical meristem protein, putative, expressed
2 Bradi3g46900.1 ANAC100 (Arabidopsis nac domain containing protein); transcription factor
2 Bradi5g12410.1 No apical meristem protein, putative, expressed
2.5 Bradi2g01960.1 MYB62 (myb domain protein 62); DNA binding/transcription factor
Bdi-miR166a/b/c/d/f 2 Bradi1g13910.1 PHB (PHABULOSA); DNA binding/transcription factor
2 Bradi2g06210.1 ATHB-15; DNA binding/transcription factor
2 Bradi3g28970.1 REV (REVOLUTA); DNA binding/lipid binding/transcription factor
2 Bradi4g01890.1 PHB (PHABULOSA); DNA binding/transcription factor
2 Bradi4g01890.2 START domain containing protein, expressed
Bdi-miR167a/b 3.5 Bradi1g32550.1 ARF6 (auxin response factor 6); transcription factor
3.5 Bradi3g04920.1 ARF6 (auxin response factor 6); transcription factor
3.5 Bradi4g01730.1 ARF6 (auxin response factor 6); transcription factor
Bdi-miR167a/b/c/d 3.5 Bradi5g25770.1 ARF6 (auxin response factor 6); transcription factor
Bdi-miR168a Bradi1g29580.1 Piwi/PAZ containing protein
Bradi3g51080.1 Piwi/PAZ containing protein
Bradi5g18540.1 Piwi/PAZ containing protein
Bdi-miR169a/b/c/e/f/g/h/k 2.5 Bradi1g72960.1 NF-YA6 (nuclear factor Y, subunit A6); transcription factor
Bdi-miR169a/b/c/e/f/g/h/k 3 Bradi3g57320.1 NF-YA5 (nuclear factor Y, subunit A5); transcriptional repressor/transcription factor
Bdi-miR169a/d/e/f/g/h/i/k 3.5 Bradi1g13680.1 NF-YA6 (nuclear factor Y, subunit A6); transcription factor
Bdi-miR169a/d/e/f/g/h/k 3.5 Bradi4g01380.1 NF-YA2 (nuclear factor Y, subunit A2); transcription factor
Bdi-miR169d/e/f/g/h/i/k 2 Bradi1g11800.1 NF-YA9 (nuclear factor Y, subunit A9); transcriptional repressor/transcription factor
Bdi-miR171a 0.5 Bradi1g52240.1 Scarecrow transcription factor family protein
0.5 Bradi3g50930.1 Scarecrow-like transcription factor 6 (SCL6)
1 Bradi1g78230.1 Scarecrow-like transcription factor 6 (SCL6)
1 Bradi3g32890.1 Scarecrow-like transcription factor 6 (SCL6)
Bdi-miR171b 0.5 Bradi1g52240.1 Scarecrow transcription factor family protein
0.5 Bradi3g50930.1 Scarecrow-like transcription factor 6 (SCL6)
1 Bradi1g78230.1 Scarecrow-like transcription factor 6 (SCL6)
1 Bradi3g32890.1 Scarecrow-like transcription factor 6 (SCL6)
Bdi-miR172a/b 0.5 Bradi1g03880.1 AP2 (APETALA 2); transcription factor
0.5 Bradi1g53650.1 AP2 (APETALA 2); transcription factor
0.5 Bradi2g37800.1 AP2 (APETALA 2); transcription factor
Bdi-miR172b 2.5 Bradi5g24100.1 AP2 (APETALA 2); transcription factor
Bdi-miR391 0.5 Bradi5g16820.1 Leucine-rich repeat transmembrane protein kinase, putative
1.5 Bradi2g53290.1 Leucine-rich repeat transmembrane protein kinase, putative
3 Bradi2g56750.1 Leucine-rich repeat transmembrane protein kinase, putative
Bdi-miR393a/b 2 Bradi2g35720.1 TIR1 (transport inhibitor response 1); auxin binding/ubiquitin-protein ligase
2 Bradi5g08680.1 AFB2 (auxin signaling F-BOX 2); auxin binding/ubiquitin-protein ligase
Bdi-miR394 0 Bradi2g59200.1 F-box family protein
Bdi-miR395a 1 Bradi1g09030.1 APS4; sulfate adenylyltransferase (ATP)
Bdi-miR395b 1 Bradi1g09030.1 APS4; sulfate adenylyltransferase (ATP)
Bdi-miR395c 1 Bradi1g09030.1 APS4; sulfate adenylyltransferase (ATP)
Bdi-miR396a/b 1 Bradi1g12650.1 AtGRF1 (growth-regulating factor 1); transcription activator
1 Bradi1g12650.2 Growth regulating factor protein, putative, expressed
2.5 Bradi1g09900.1 AtGRF1 (growth-regulating factor 1); transcription activator
2.5 Bradi4g16450.1 AtGRF2 (growthregulating factor 2); transcription activator
Bdi-miR396c/d/e 2.5 Bradi4g05940.1 SYP132 (syntaxin of plants 132); SNAP receptor
Bdi-miR396c/d 3 Bradi1g03180.1 PMH2 (putative mitochondrial RNA helicase 2); ATP-dependent helicase/nucleic acid binding
3.5 Bradi1g07930.1 CYP81D5; electron carrier/heme binding/iron ion binding/monooxygenase/oxygen binding
3.5 Bradi1g62530.1 F-box family protein
Bdi-miR396e 3 Bradi1g21700.1 DABB1 (dimeric A/B barrel domains-protein 1)
Bdi-miR397a/b/c 2 Bradi2g54690.1 LAC17 (laccase 17); laccase
1.5 Bradi2g23350.1 LAC17 (laccase 17); laccase
Bdi-miR397a 2 Bradi1g74320.1 IRX12 (irregular xylem 12); laccase
2.5 Bradi2g53800.1 LAC5 (laccase 5); laccase
Bdi-miR397a/b 2.5 Bradi1g24910.1 LAC17 (laccase 17); laccase
Bdi-miR397a/b 1 Bradi1g24880.1 LAC17 (laccase 17); laccase
Bdi-miR397a/b 1.5 Bradi2g55060.1 LAC7 (laccase 7); laccase
2.5 Bradi2g54680.1 LAC17 (laccase 17); laccase
2.5 Bradi4g39330.1 LAC7 (laccase 7); laccase
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Table 3 (continued)
miRNA Score Target acc. Target gene annotation
Bdi-miR397b/c 2.5 Bradi4g44810.1 LAC12 (laccase 12); laccase
Bdi-miR398a 2.5 Bradi2g58680.1 SBP1 (selenium-binding protein 1); selenium binding
2.5 Bradi2g58680.2 Selenium-binding protein, putative, expressed
3 Bradi2g08130.1 MOT1 (molybdate transporter 1); molybdate ion transmembrane sulfate transporter
3 Bradi2g41110.1 CYP72A15; electron carrier/heme binding/iron ion binding/monooxygenase/oxygen binding
4 Bradi1g26120.1 CYP716A1; electron carrier/heme binding/iron ion binding/monooxygenase/oxygen binding
2 Bradi2g19010.1 DNAJ heat shock N-terminal domain-containing protein
Bdi-miR408 1 Bradi4g32680.1 Plastocyanin-like domain-containing protein
1.5 Bradi1g43860.1 ARPN (plantacyanin); copper ion binding/electron carrier
2.5 Bradi1g67580.1 ARPN (plantacyanin); copper ion binding/electron carrier
3 Bradi1g01610.1 ARPN (plantacyanin); copper ion binding/electron carrier
3 Bradi1g11240.1 ARPN (plantacyanin); copper ion binding/electron carrier
Bdi-miR529 2.5 Bradi3g19170.1 XBAT32; protein binding/zinc ion binding
3.5 Bradi2g14150.1 AGO4 (argonaute 4); nucleic acid binding
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allows for the identiﬁcation of mature and passenger miRNA
sequences, we were able to investigate the MFE of the duplex
between the 3′ and 5′ sequences. Our data show that all identiﬁed bdi-
miRNA precursors produced miRNA/miRNA* duplexes with free
energies below −15.4 kcal/mol and up to −36.4 kcal/mol, and most
of them (90%) fell in the −20 to −33 kcal/mol range.
In terms of nucleotide position frequency, it is currently known
that the preferred ﬁrst nucleotide in mature plant miRNA is uracil
[28]. There are also some reports that in most cases, cytosine is found
in the 19th position. We explored nucleotide frequency in the
passenger miRNA strand. In most cases, miRNAs* contained guanine
in the ﬁrst position and adenine in the 19th position.
2.5. miRNA targets of Brachypodium distachyon
In plants, miRNAs negatively regulate gene expression by directing
mRNA cleavage [29,30] or by inhibiting protein translation [31].
miRNAs have been shown to function in many plant processes
including development, growth control, cell differentiation, as well as
abiotic and biotic stress resistance [32,33].
To predict the bdi-miRNA target genes, we used 32,255 known
Brachypodium mRNA sequences and were able to identify at least one
target mRNA sequence for each miRNA (Table 3). The targets of most
conserved bdi-miRNAs were found to be similar to those previously
reported in other plant species (including Brachypodium studies with EST
sequences). For example, our analysis predicted that bdi-miR156 targets
themRNA of the squamosa promoter-binding protein (SBP) transcription
factor as it does in several other plant species. We also predicted the
following target mRNA sequences: ARF (bdi-miR160), NAC domain
containing protein (bdi-miR164), SCL6 (bdi-miR170), AP2 (bdi-miR172),
F-BOX/Leucine rich repeatprotein (bdi-miR393)andATPsulfurylase (bdi-
miR395) (Table3). For 10miRNA families,wewere able to identify targets
that had not yet been reported for Brachypodium. These include the MYB
superfamily transcription factors (bdi-miR159), START domain protein
(bdi-miR166), AGO1 (bdi-miR168), CCAAT-binding transcription factor
(bdi-miR169), F-box/LRR containing protein (bdi-mir393), WRC-QLQ
(bdi-miR396), F-box domain protein (bdi-miR394), laccase-like multi-
copper oxidase (bdi-miR397), and plastocyanin-like domain containing
protein (bdi-miR408).
In the Brachypodium genome, MiR398 is represented by only one
member that is identical to osa-miR398b, ptc-398b, and vvi-398b.
Interestingly, the bdi-miR398 target genes were found to diverge from
those in other plant specieswhere themain target genes are superoxide
dismutase and the cytochrome c genes [34,35]. Bdi-miR398 targets SBP1
(selenium-binding protein 1), MOT1 (molybdate transporter 1) and
CYP72A15 (cytochrome P450) with a mismatch score ≤3.
Our novel Brachypodium-speciﬁc miRNAs showed interesting
results in terms of targeting (Suppl. Table 1). The two members ofbdi-miR1000 target the mRNAs of electron carrier genes encoding
CYP81D2 (Cytochrome P450) and the copper-binding protein UCC1
(Plastocyanin-like domain-containing protein). Some of the novel
miRNAs were predicted to regulate the same mRNA targets — bdi-
miR1017 and bdi-miR1031 regulate the NAC domain transcription factor
SMP (SOMBRERO), miR1004 and miR1008 regulate TOR (1-phosphati-
dylinositol-3-kinase), and bdi-miR1003 and bdi-miR1006 target the
s-ribonuclease binding protein SBP1 (see Appendix A). We found that
bdi-miR1023 and bdi-miR1028 target the APETALA3 (AP3) and NAC1
transcription factors, respectively. All the miRNA target genes mentioned
above had a mismatch score≤3.5.
All targets regulated by bdi-mIRNA identiﬁed in this study were
subjected toAgriGO toolkit analysis to investigate geneontology [36]. To
date, 25,941 Brachypodium genes have been annotated in AgriGO
database, and 248 bdi-miRNA targets were recognized for GO analysis
(see Appendix C). Themost enriched GO terms in the target genes were
“transcription regulation activity” and “DNA binding” that reﬂects the
key role of plant miRNAs in regulating developmental processes.
3. Conclusions
The developed computational approach integrates the Brachypodium
sRNA datasets with the genome sequence to discover miRNA genes.
Because our approachwas designed considering speciﬁc features of plant
miRNAs, it can be employed for a fast analysis of genomic and sRNA
sequences generated for any plant species to achieve systematic miRNA
genediscovery. Inputting different sRNAdatasets derived fromparticular
tissues or under speciﬁc conditions will enable the identiﬁcation of low-
abundancemiRNA. Currently,we set up amodiﬁcation of the approach to
link sRNA sequences to RNA-Seq data such as ESTs, which aremost easily
obtained for non-sequence genomes.
4. Materials and methods
4.1. Plant miRNA sequences
All current plant miRNA precursors formatted into a local dataset
and used as a positive control were gathered from the miRbase
database (http://www.mirbase.org/, released 16, Sept. 2010) [9,10].
The local dataset contained a total of 2952 sequences from 43 species
including Arabidopsis thaliana, Oriza sativa, Zea mays, Sorghum bicolor
and others.
4.2. Method for predicting new plant miRNAs
We developed a new pipeline software for discovering plant
miRNAs from sRNA libraries. Our method consists of 3 main steps:
sRNA clustering, a miRNA precursor prediction step and a duplex
miRNA/miRNA* prediction ﬁlter.
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The clustering algorithm for sRNAswaswritten in JAVA (http://www.
java.com/). The programhas a command-line interface and is available for
all OS running the latest Java virtual machine. The algorithm scans the
genomic sequence forpairs of sRNAclusters. The sRNAcluster size and the
lengthof thewindowbetween the twoclusters areparameter speciﬁedby
the user. There must be at least two sRNAs and they may have an
overlapping and/or adjacent localization within the cluster. The sRNA
members of the two clusters are of the same genomic orientation, and if
one of the clusters hasmore than 10members, 1member is allowed to be
of the opposite orientation.
The following software parameters are can be customized by the
user: 1) the maximum sRNA cluster size; 2) the minimum size of the
window between the two clusters; 3) the maximum size of the
sequence containing the two clusters and 4) the length of the sequences
ﬂanking the two clusters that should be free of sRNAs.
The software uses standard GFF ﬁles as input for sRNAs and
outputs a GFF ﬁle of sRNA cluster pairs with their coordinates plus
ﬂanking regions of 30 nt.
4.2.2. Mirplan module
After folding and deﬁning the secondary structure (using ViennaRNA
package 1.8, [37]) of the sequence from the clustering analysis, our plant
miRNA prediction algorithm uses several ﬁlters: 1) the sequence length
must be between 50 nt and 430 nt; 2) the CG% must be between 21.7%
and 82.6%; 3) the free energy of foldingmust be between−231 kcal/mol
and−25 kcal/mol; 4) the stemof thehairpinmusthaveat least 22paired
nucleotides,with nomore than 4 unpaired nucleotides andnomore than
3 consecutive nucleotides; and 5) Ranfold is used for the probability that
for a given RNA sequence, the Minimum Free Energy (ΔG) of the
secondary structure is different from the distribution of the MFE
computed with random sequences. The score of the p-value should be
between 0.001 and 0.01 [38]. As a negative training set, 10,000 random
sequences with lengths between 50 nt and 400 nt were generated. The
sequences of all known plant miRNA precursors were used as a positive
control to train the MIRPLAN module. The achieved sensitivity of our
algorithm was 94% passed for the positive control sequences and only
0.3% passed for the negative control sequences.
The precursor predicting module (miRPlan) outputs the putative
sequences in FASTA format which are piped to the DUPLEX module.
MIRPLAN is freely available as a command-line Perl executable script
at http://bio2server.bioinfo.uni-plovdiv.bg/.
4.2.3. Duplex module
In the last step of our pipeline software, the putative plant miRNA
precursors from mirplan were linked with the two sRNA clusters
emerging from the cognate genomic region (from deep-sequence
data). The algorithm extracted all sRNA members from this region,
thus generating 5′ and 3′-clusters for each predictedmiRNA locus, and
by using RNAcofold [37], it hybridized each member of the 5′-cluster
with each member of the 3′-cluster, creating putative miRNA/miRNA*
duplexes. The program searches for sRNA hybrid duplexes with no
more than 4 nucleotide mismatches along the paired region, as no
more than 3 nucleotides should be consecutive. The important feature
of the formed duplex is the presence of 2 unpaired (overhanging)
nucleotides at the 3′-end. Along with this information, the software
displays the number of reads for each member in the selected duplex.
The software uses as input FASTA sequences with corresponding
coordinates as names, GFF ﬁles with mapped sRNAs and a GSM ﬁle
table with information from reads. The software displays as output
putative miRNA precursors that have sRNAs capable of forming
miRNA/miRNA* duplexes, their secondary structure and reads
information.
The clustering module and the duplex module are available for
download at http://bio2server.bioinfo.uni-plovdiv.bg/.4.3. Brachypodium distachyon genome
The genome was downloaded from the JGI v1.0 8x assembly of
Brachypodium distachyon Bd21 and the MIPS/JGI v1.0 annotation in
multiFASTA format [11].4.4. Brachypodium distachyon sRNA datasets and sequences
All Brachypodium distachyon sRNAs were obtained from NCBI
GeneBank — Gene Expression Omnibus (GEO) datasets with record
numbers GSM506620, GSM506621, GSM406303, GSM406302 [13,39].4.5. Genome mapping of sRNAs
The mapping of sRNAs against the Brachypodium genome was
accomplished via the BowTie software, used with the default
parameters with mismatches — http://bowtie-bio.sourceforge.net/
[40]. The output ﬁles from the BowTie program were converted to
standard GFF ﬁles via an in-house Perl script necessary for the
clustering software.4.6. Target prediction
For predicting target protein-coding genes of Brachypodium
miRNA, we used the software psRNATarget against all known
mRNAs. Based on the methods described in Ref. [41], we predicted
target candidates with a mismatch score ≤3.5 for mismatched
patterns in the miRNA/mRNA duplexes; gaps were not allowed. A
complementary region was discarded if its score was greater than the
threshold.4.7. Brachypodium genome viewer — BrachyBrowse
The GMOD GBrowse viewer (http://gbrowse.org/) in combination
with aMySQL database management systemwas used to store, search
and display annotations of the Brachypodium genome. The GBrowse
custom tracks were used with the Brachypodium genome v1.0 from
JGI and MIPS annotations. We used a local copy of RepeatMasker
(Version 3.1.5; http://www.repeatmasker.org) to mask genome
sequences with the available RepBase plant collection (http://www.
girinst.org). The Brachypodium genome was subjected to tandem
repeat and inverted repeat masking represented with own browser
tracks by using the software Tandem Repeat Finder (TRF, version 3.21,
Linux distribution) and Inverted Repeats Finder (IRF, version 3.05,
Linux distribution), respectively, developed by Benson and collabora-
tors [42,43].
Transposon elements found de novowere provided as a GFFﬁle from
the Munich Information Center — Brachypodium distachyon Project,
which was uploaded to GMOD. All GFF ﬁles — genome annotations,
sRNA locations, repeats and miRNAs were uploaded for graphical
tracking via a GFF loading script provided by GMOD. BrachyBrowse is
available at http://bio2server.bioinfo.uni-plovdiv.bg/.
All Brachypodium miRNA sequences, reported in this paper have
been submitted to miRbase. Please refer to Apendix D for miRBAse
assigned names.
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